A process is described to produce single sheets of functionalized graphene through thermal exfoliation of graphite oxide. The process yields a wrinkled sheet structure resulting from reaction sites involved in oxidation and reduction processes. The topological features of single sheets, as measured by atomic force microscopy, closely match predictions of first-principles atomistic modeling. Although graphite oxide is an insulator, functionalized graphene produced by this method is electrically conducting.
Introduction
Recent studies [1] [2] [3] [4] [5] [6] of the electrical properties of graphene sheets produced by peeling off a few sheets with "Scotch" tape demonstrate the importance of graphene as a 2D crystalline material for high electron mobility applications. 7 Moreover, when functionalized, single-sheet graphene is expected to serve as a nanofiller in nanocomposite applications, as functional sites will favor interactions with the matrix. 8 The first attempt to produce individual graphene sheets by exfoliation dates to the work of Brodie in 1859. 9 Since then, and despite many attempts, [10] [11] [12] [13] [14] [15] [16] [17] large-scale production of single graphene sheets has not been achieved. In most studies, the starting material is graphite oxide (GO) produced through an acid treatment of graphite. GO is then exposed to either a thermal or mechanical (i.e., ultrasonication) treatment to expand or to exfoliate it. Although nanoplates of a few sheets have been generated by the solution approach, 17,18 the failure to produce single sheets by thermal expansion appears to be either due to insufficient oxidation of graphite during the acid treatment or inadequate pressure buildup during the thermal heat treatment stages. In this Letter, we show that, through an optimal combination of GO preparation and thermal treatment, bulk quantities of functionalized single graphene sheets can be produced. The mechanism of exfoliation is mainly the expansion of CO 2 evolved into the interstices between the graphene sheets during rapid heating. While the decomposition of functional groups of GO yielding CO 2 is exothermic, the vaporization of water is endothermic and delays the heating process. For the success of the process, it is essential to completely eliminate the intergraphene spacing associated with the native graphite during the oxidation stage and also to minimize the detrimental role of water vaporization.
An NMR study 19 has shown that GO as used in the thermal exfoliation process contains aromatic regions randomly interspersed with oxidized aliphatic six-membered rings. The oxidized rings contain C-O-C (epoxide) and C-OH groups, while the sheets terminate with C-OH and -COOH groups. Some of these functional groups are retained in the thermally exfoliated nanoplates of graphene stacks. Thus, when used as a nanofiller in a polymer (poly(methyl methacrylate)) matrix, these functionalized graphene stacks offer comparable or better thermal, mechanical, and electrical property enhancements than SWCNTs. 8, 20 
Experimental Methods
We begin by treating natural flake graphite, nominally ∼45 µm across (Asbury Carbons, Asbury, NJ), in an oxidizing solution of sulfuric acid, nitric acid, and potassium chlorate (for >96 h), similar to a process first described in 1898 (SI1, Supporting Information). 10 The fundamental prerequisites that enable our preparation of large volumes of dry single graphene sheets are complete oxidation of graphite and extremely rapid heating of GO. Complete oxidation is monitored by the total disappearance of the 0.34-nm intergraphene spacing and the appearance of a new one with a 0.65-0.75 nm range depending on the water content of GO, as determined by X-ray and electron diffraction (SI1, Supporting Information). In terms of structure, the disappearance of the 0.34 nm has been reported previously, 18 but GO with such characteristics has never been used in thermal expansion studies, which we find to be an essential step for a successful splitting of GO into single graphene sheets. To quantify the amount of residual water and the evolved gases, we use simultaneous thermal gravimetric analysis (TGA), differential scanning calorimetry (DSC), and Fourier transform infrared (FTIR) spectroscopy. For thermal exfoliation, the dried graphite oxide is charged into a quartz tube and purged with argon. Rapid heating (>2000°C/min) to 1050°C splits the graphite oxide into individual sheets through evolution of CO 2 (SI1, Supporting Information). Elimination of all the diffraction peaks (associated with the initial GO stacking) after rapid heating signifies a successful exfoliation. To quantify the extent of exfoliation, we measure the surface areas of the products (i) by the Brunauer, Emmett, and Teller (BET) 21 method with nitrogen gas adsorption in the dry state and (ii) in an ethanol suspension with methylene blue dye as a probe. Methylene blue has been used as an indicator of graphitic material surface areas in previous studies, with each milligram of adsorbed methylene blue representing 2.45 m 2 of surface area. 22 However, the ambiguities in surface areas determined by BET and methylene blue adsorption (SI2, Supporting Information) led us to rely on atomic force microscopy (AFM) measurements to confirm the presence of single sheets.
For AFM characterization, the flakes were dispersed in 1-methyl-2-pyrrolidinone (NMP) and spin-coated onto highly oriented pyrolytic graphite (HOPG) (SI3, Supporting Information). The samples were examined by using a MultiMode/ NanoScope IIIa AFM (Veeco Metrology LLC, Santa Barbara, CA). Tapping-mode imaging was applied to provide the largest amount of structural detail of the graphene sheets as well as to prevent translocation of the sheets on the surface by the tip (Veeco MP-11100 silicon cantilevers, force constant k ) 40 N/m, radius of curvature r ) 10 nm, and resonance frequency f ) 300 kHz). For precise measurement of the flake thickness, contact-mode imaging was performed (Veeco NP-S type, oxidesharpened and gold-coated silicon nitride cantilevers, k ) 0.32 N/m, r ) 20 nm). For height analysis, topography sections across a sheet, starting and ending on the HOPG substrate, were taken, following the fast scanning direction in order to minimize the effect of drifts.
The molecular modeling was done using Car-Parrinello simulations 23 as implemented in Quantum-ESPRESSO distribution. 24 To investigate the structural properties of functional groups, vacancies, and topological defects on a carbon grid, we employed a small planar-fused benzene ring (C 54 H 12 ) and an extended long strip of graphene, where the sides are terminated by hydrogen atoms. The structures were relaxed until the force on each atom was less than 0.2 eV/nm. In particular, we retained a large vacuum region of at least 1.3 nm around C 54 H 12 and the two free sides of the graphene strip so that they can bend during geometry optimization.
Results and Discussion
The indicators of a successful exfoliation process are: (i) a 500-1000-fold volume expansion after the rapid heat treatment of GO, (ii) the disappearance of all the diffraction peaks after the rapid heat treatment, and (iii) surface areas in the range of 700-1500 m 2 /g as determined by the BET adsorption method (SI1 and SI2, Supporting Information). When GO was not adequately dried, lower surface areas resulted (SI2, Supporting Information). Significantly higher surface areas (∼2×) were measured using methylene blue adsorption 22 on graphene suspended in ethanol.
We associate the exfoliation process with the thermal expansion of the evolved gases trapped between the graphene sheets. We also associate the detrimental effect of water to the fact that, while the decomposition of functional groups is exothermic, vaporization of water is endothermic and thus slows down the heating process (SI1, Supporting Information). We estimate the van der Waals attraction between the graphite layers as 26 MPa by using a Lennard-Jones potential and pairwise summation. The maximum pressures generated by both water and carbon dioxide estimated by using the spacing of the layers from diffraction measurements are determined to be in excess of 60 and 100 MPa for water and CO 2 , respectively (SI2, Supporting Information). Both pressures exceed the van der Waals attraction between the graphite layers. However, the CO 2 evolution, corresponding to a weight loss of 30%, is the predominant mechanism driving exfoliation (SI1, Supporting Information).
As shown in the AFM images of Figure 1a , the exfoliated sheets are well dispersed at an average density of about 50 flakes per 10 µm × 10 µm area and exhibit a lateral extent of a few hundred nanometers. A higher magnification image of a representative flake (Figure 1b) reveals that the sheets display height variations at two length scales: (i) the flat areas of the sheet have an average height of about 2 nm with respect to the HOPG surface and are covered with ∼0.2-0.4 nm "bumps" (Figure 1b and d) , and (ii) several large, meandering wrinkles with peak heights up to 10 nm (Figure 1b) . Extensive analysis of the AFM data shows that all of the flakes examined are single sheets (vide infra). Below, we relate the bumpy texture of the flat regions to the presence of isolated epoxy and hydroxyl reaction sites. We also show that the wrinkles correspond to defects in the carbon lattice as remnants of the epoxy reaction strings.
Results of our first-principles atomistic model of two oxygencontaining functional epoxy and hydroxyl groups shown in Figure 2a and b indicate that these groups introduce an additional ∼0.44 nm of height to the carbon grid. The carbon atom functionalized by an epoxy or a hydroxyl group is transformed from a planar sp 2 -hybridized to a distorted sp 3 -hybridized geometry. The protuberant carbon atom is 0.03 and 0.07 nm above the carbon grid for epoxy and hydroxyl functional groups, respectively. The functional groups themselves are ∼0.2 nm above the underlying carbon grid, as shown in Figure 2a and b. As shown in Figure 2c , when functional groups randomly bind to both sides of a small graphene platelet, there is no largescale height variation. The 0.44-nm increase in height correlates well with the increase in the separation distance of the graphene layers (from 0.34 to a 0.65-0.75 nm range, as determined by X-ray and electron diffraction) when graphite is transformed into graphite oxide. A C/O ratio of 10:1, after the thermal treatment, indicates that some functional groups are still on the graphene sheets (SI4, Supporting Information). Thus, the smaller bumps of ∼0.2-0.4 nm discussed above (Figure 1b and d) agree well with the prediction of our model.
To interpret the larger wrinkles peaking at heights of ∼10 nm, we consider the specifics of both the oxidation and the reduction during the exfoliation process. Unlike functional groups such as hydroxyls or carboxyls, epoxy groups generate strain on the C-C bond of the three-membered epoxide ring. According to a recently proposed mechanism, when several epoxy groups line up, the sheet can form a kink that partially releases this strain energy and makes this configuration energetically favored. 25 Therefore, during the oxidation of graphite, epoxy groups tend to form chains across the graphite surface through this cooperative reaction (Figure 3a and a′) . Because of the elimination of oxygen from functional groups and any residual water during the rapid heating, elemental analysis shows an increase in the C/O ratio from 2:1 in graphite oxide to 10:1 in the reduced state (SI4, Supporting Information). While the expansion of intercalated water to vapor phase along with CO 2 evolution was once thought to be responsible for the exfoliation process, the presence of water is in fact detrimental due to the cooling effect of water evaporation (SI2, Supporting Information). Instead, the pressure needed to counteract the van der Waals binding energy holding the graphene sheets together and split graphite oxide into single graphene sheets (SI2, Supporting Information) is furnished by CO 2 evolved by (exothermic) reactions involving epoxy and hydroxyl sites. The CO 2 release during this expansion corresponds to ∼30 wt % loss. The residual material still contains oxygen, as confirmed by X-ray photoelectron spectroscopy (XPS) and elemental analysis (SI4, Supporting Information).
The release of carbon dioxide inevitably leaves behind vacancies and topological defects on the graphene sheets. In our molecular simulation, two carbon atoms and four epoxy groups are removed from the small graphene platelet, C 54 H 12 . Two single-carbon vacancies then coalesce into a 5-8-5 double vacancy 26 (SI5, Supporting Information) and result in a buckled structure, as shown in Figure 3b . Parts c and d of Figure 3 juxtapose the same graphene sheet with a line defect (a buckling fault line). We propose that the experimentally observed wrinkles at a larger length scale (Figure 1b and 3d) display remnants of these linear carbon deficiency patterns. According to the molecular modeling, the sides (Figure 3c ) are bent down by 21.5° (Figure 3d ). Figure 3c represents one such pattern; other compositions, with or without single vacancy and/or epoxy groups, were also studied and showed similar bending angles. To compare the model with our experimental data, Gaussians are fitted to sections across wrinkles of Figure 1b and other sheets at several positions, and the corresponding maximal slope angles were determined (typical experimental values and fits are shown in Figure 3d ). We find similar slope angles for wrinkle heights between 2.4 and 9.5 nm, which suggests that the slope angle is dictated by topological defects lined up along the wrinkle; the average value of 20 ( 5°is in good agreement with the model. When isolated reaction sites decompose, bending is also expected due to the formation of defects, but only as enhancements to the bumpy texture by the functional sites and thus increasing the apparent height of the graphene sheets further.
To demonstrate that the majority of our material consists of single layers of functionalized graphene, we analyzed AFM topography cross-sections. Because of the wrinkling and buckling of the sheets, only a small fraction of each sheet is in contact with the substrate. We therefore take the minimum height of every sheet with respect to the substrate as an estimate Figure 1e would have to be much larger than the observed 0.36 nm. Therefore, the majority of the sheets in this ensemble consist of the same number of layers. There is, however, no known process that would mainly form either double or triple layer sheets without yielding a significant amount of single sheets. We thus contend the most plausible scenario is that complete exfoliation is achieved and all the investigated sheets consist of single-layer graphene. The fact that the averaged height minima of the sheets reflected by the histogram are higher than d GO is due to following reasons: (i) roughness on scales smaller than the AFM probe (∼20 nm) is not detected by this measurement and will lead to an overestimate of the sheet thickness, as the tip cannot reach the lowest points in this case, and (ii) the value of d GO is determined from layered bulk material. For a single functionalized graphene sheet on top of an HOPG substrate, however, the van der Waals force is reduced. 27 For instance, an increased spacing has been observed for single graphene sheets on a SiO 2 substrate. 1, 4 Despite the defective structure of the graphene sheets and some residual functional sites after the reduction step, dc conductivities of compacts at a bulk density of ∼0.3 g/cm 3 range from 1 × 10 3 to 2.3 × 10 3 S/m. This value compares favorably with conductivities of compressed graphite monoliths measured by Celzard et al. 28 at similar bulk densities (SI6, Supporting Information).
Conclusions
As a filler in polymer nanocomposites, stacks of these graphene sheets have already yielded outstanding thermal, mechanical, and electrical properties, incorporating in one material the best features of both clay-and carbon nanotubebased nanocomposites. 8 We anticipate that the functionalized single graphene sheets described here will provide even further benefits, not only for structural property enhancements at lower filler contents, but also for the development of new materials such as electrically conducting polymers and inks (SI6, Supporting Information) and ultracapacitors. 
